Two distinct mitochondrial energy dissipating systems, alternative oxidase (AOX) and uncoupling protein (UCP), have been implicated as crucial components of thermogenesis in plants and animals, respectively. To further clarify the physiological roles of AOX and UCP during homeothermic heat production in the thermogenic skunk cabbage (Symplocarpus renifolius), we identified the thermogenic cells and performed expression and functional analyses of these genes in this organism. Thermographic analysis combined with in situ hybridization revealed that the putative thermogenic cells surround the stamens in the florets of skunk cabbage and coexpress transcripts for SrAOX, encoding Symplocarpus AOX, and SrUCPb, encoding a novel UCP that lacks a fifth transmembrane segment. Mitochondria isolated from the thermogenic florets exhibited substantial linoleic acid (LA)-inducible uncoupling activities. Moreover, our results demonstrate that LA is capable of inhibiting the mitochondrial AOX pathway, whereas the proportion of pyruvate-stimulated AOX capacity was not significantly affected by LA. Intriguingly, the protein expression levels for SrAOX and SrUCPb were unaffected even when the ambient air temperatures increased from 10.3°C to 23.1°C or from 8.3°C to 24.9°C. Thus, our results suggest that functional coexpression of AOX and UCP underlies the molecular basis of heat production, and that posttranslational modifications of these proteins play a crucial role in regulating homeothermic heat production under conditions of natural ambient temperature fluctuations in skunk cabbage.
Thermogenesis is a phenomenon in which the temperature of a specific floral tissue increases due to endogenous heat production. To date, thermogenesis has been reported in several species of the arum lily family (Philodendron spp.; Nagy et al., 1972; Gottsberger and Amaral, 1984 ; Symplocarpus spp.; Seymour and Blaylock, 1999; Ito et al., 2004; Seymour, 2004 ; Helicodiceros muscivorus; Seymour et al., 2003) , and also in palms (Bactris gasipaes; Schroeder, 1978; Carludovica palmata; Gottsberger, 1990 ; Bactris spp.; Listabarth, 1996) , lotus (Nelumbo spp.; Miyake, 1898; Schultze-Motel, 1996, 1998; Watling et al., 2006) , cycads (Ceratozamia miqueliana and Zamia furfuracea; Skubatz et al., 1993; Macrozamia machinii; Seymour et al., 2004) , and water lilies (Victria spp.; Prance and Arias, 1975; Skubatz et al., 1990) .
Heat production in thermogenic plants is thought to be associated with a large increase in the activity of the cyanide-resistant, nonphosphorylating electron transport pathway in mitochondria. This pathway is mediated by alternative oxidase (AOX) and is shared among plants, fungi, and nematodes (Berthold and Siedow, 1993; McIntosh, 1994; Day and Wiskich, 1995; Wagner and Krab, 1995; Moore et al., 2002; McDonald and Vanlerberghe, 2004; Clifton et al., 2006; McDonald and Vanlerberghe, 2006; Onda et al., 2007) . The AOX of plant mitochondria accepts electrons from the ubiquinone pool and uses them to reduce oxygen to water, with no conservation of energy through proton gradient formation (Siedow and Umbach, 1995) . The free energy generated by the flow of electrons from ubiquinol to AOX is generally believed not to result in the generation of ATP but to be instead lost as heat (Moore and Siedow, 1991) .
In mammals, the mitochondrial uncoupling proteins (UCPs) have been shown to play a crucial role in thermogenesis (Nicholls and Locke, 1984; Boss et al., 1997; Fleury et al., 1997) . UCPs reside in the mitochondrial inner membrane, across which they dissipate energy from the proton gradient that is built up by the respiratory chain, and this results in heat production (Ricquier and Bouillaud, 2000) . Moreover, this heat production does not require muscular contraction (Janský, 1973) and is thus referred to as ''nonshivering'' thermogenesis. It is also well known that nonshivering thermogenesis in brown adipose tissue is the principal mechanism underlying homeothermic heat production in small animals during cold acclimation (Nedergaard et al., 2001) . Although the functions of UCPs in nonthermogenic plants have been extensively studied (Vercesi et al., 2006) , the roles of these UCPs in thermogenic plants remain poorly understood.
Among the thermogenic plants that have been so far characterized, the sacred lotus (Nelumbo nucifera; Seymour and Schultze-Motel, 1996; Watling et al., 2006) and skunk cabbage (Symplocarpus foetidus; Knutson, 1974; Seymour and Blaylock, 1999 ; Symplocarpus renifolius; Uemura et al., 1993; Ito et al., 2003b Ito et al., , 2004 Ito and Ito, 2005) are known as homeothermic plants and are capable of increasing and maintaining their inflorescence temperatures for several days. For instance, the temperature of the lotus receptacle can be maintained at between 30°C and 36°C during a 2-to 4-d period, despite changes in environmental temperatures of between 10°C and 45°C Schultze-Motel, 1996, 1998; . In addition, the spadix of skunk cabbage, which belongs to the aroid family, can generate and maintain an internal temperature of about 20°C even when the ambient air temperature drops below 0°C (Knutson, 1974; Seymour and Blaylock, 1999; Ito et al., 2004) .
Thus far, in relation to genes that mediate heat production in skunk cabbage, the SrAOX gene that encodes a pyruvate-sensitive AOX (Onda et al., 2007) and two cDNAs that encode UCPs, designated SrUCPa and SrUCPb (Ito, 1999) , have been isolated from the thermogenic spadix. In addition, whereas the SrUCPa protein harbors six transmembrane segments that are commonly observed in mammals and nonthermogenic plants, SrUCPb lacks the fifth transmembrane segment. More recently, our functional analyses of SrUCPb have shown that this gene product acts as a UCP in yeast cells (Ito et al., 2006) . These findings suggest that the UCP plays an important role in thermogenesis not only in mammals, but also in plants in conjunction with AOX.
In this study, we wished to further clarify the molecular mechanisms underlying thermoregulation in skunk cabbage. It has been shown that the homeothermic skunk cabbage found in Japan is S. renifolius (Uemura et al., 1993; Nie et al., 2006) and we have therefore performed expression and functional analyses of AOX and UCP genes in this species. Our results suggest that both AOX and UCP molecules are involved in tissue-specific thermoregulation in this plant.
RESULTS

Stigma-Stage-Specific Homeothermic Control in the Spadix of Skunk Cabbage
It has been shown previously that heat production in skunk cabbage occurs during the stigma, bisexual, and early male stages of the spadices (Seymour and Blaylock, 1999) . To confirm the developmental stages of homeothermic control in the skunk cabbage in this study, continuous recordings of the spadix and air temperatures were conducted during flowering (Fig.  1 ). Our data show that the protogynous spadices exhibit stigma-stage-specific thermoregulation and maintain their temperature at around 23°C, even when the ambient air temperatures fluctuate between 21.1°C and 19.4°C. This homeothermic control gradually dissipated as the spadices differentiated into the bisexual and early male stages, at which time pollen had appeared on their surface.
Localization of Heat Production in the Skunk Cabbage Spadix
Thermogenic tissues in the skunk cabbage spadices were identified using a high-resolution infrared thermal camera (Fig. 2) . The thermogenic spadix is surrounded by a spathe ( Fig. 2A) , which was removed (Fig. 2, B and E). The analyzed spadix was at the stigma stage and had a temperature of 23.4°C before cutting when the ambient temperature was 8.5°C. The spadix was cut to generate a longitudinal section (Fig. 2 , C and F; Supplemental Movie S1), and the surface temperatures of this longitudinal section revealed that the florets surrounding the spadix displayed a higher Figure 1 . Stigma-stage-specific homeothermic control in the spadix of skunk cabbage. Changes in both the spadix (Ts) and air temperatures (Ta) during the stigma, bisexual, and male stages are shown.
temperature than the rest of the spadix (Fig. 2 , D and G; Supplemental Movies S2 and S3). Even at 2 d after the preparation of the longitudinal sections, the temperature of the florets was found to be 20.7°C 6 0.1°C (n 5 3), whereas the temperature at the center of the spadix was measured as 19.5°C 6 0.2°C (Supplemental Movie S4).
Expression Patterns of the SrAOX and SrUCP Genes
We speculated that if SrAOX directs stigma spadixspecific homeothermic control in conjunction with SrUCP, the thermogenic tissues, identified in our thermographic analyses, would express both of these genes. Hence, we first examined the expression pattern of SrAOX (Onda et al., 2007) together with SrUCPa and SrUCPb (Ito, 1999) at the organ level in the leaf, spathe, spadix, and root in the thermogenic plants. The expression of SrAOX transcripts was specifically detected in the spadix (Fig. 3) . However, there were no detectable transcripts of SrUCPa in any of the plant tissues analyzed. The expression of SrUCPb, which encodes a novel five-transmembrane UCP, was found to be abundantly expressed in the thermogenic spadix (Fig. 3) .
To further clarify the expression patterns of the SrAOX and SrUCPb gene transcripts in the spadix, in situ hybridization analysis was next carried out (Fig.  4) . Both SrAOX and SrUCPb were found to be expressed in the thermogenic florets around the stigmastage spadices (Fig. 4A) . The putative thermogenic cells that coexpress both SrAOX and SrUCPb transcripts were found in the pistil and the petals surrounding the stamens in the florets (Fig. 4B) . In contrast, although the expression of SrUCPb remained at low levels around the vascular bundle in the interior of the spadix, the expression levels of SrAOX and SrUCPb were dramatically decreased in the male stages (Fig. 4, C and D) .
Both SrAOX and SrUCPb Proteins Are Expressed in Purified Mitochondria from Thermogenic Florets
To investigate the mitochondrial localization of the SrAOX and SrUCP proteins, mitochondria were isolated from thermogenic florets of the stigma-stage spadices and nonthermogenic roots by Percoll gradients. The expression of SrAOX (32.5 kD) was detected only in the mitochondrial isolates from thermogenic florets (Fig. 5) . The UCP-cab antibody, which was raised against a conserved 12-amino-acid C-terminal peptide of SrUCPa and SrUCPb (see ''Materials and Methods''), recognized a single band that corresponds to the estimated molecular mass of SrUCPb (29.0 kD) in mitochondria from thermogenic florets, whereas no signals for SrUCPa (32.6 kD) were obtained in either of the mitochondrial isolates (Fig. 5) . Moreover, Hsp60 Figure 3. Expression analysis of SrAOX, SrUCPa, and SrUCPb transcripts among various tissues from stigma-stage (thermogenic) skunk cabbage samples. Ten-microgram aliquots of total RNA extracted from the leaf, spathe, spadix, and root were resolved on formaldehyde gels, blotted onto a nylon filter, and hybridized with a labeled cDNA probe for SrAOX, SrUCPa, or SrUCPb. The rRNA bands in the ethidium bromidestained gels are shown in the bottom panel as a loading control.
(mitochondrial matrix marker) was found to be expressed in both mitochondrial fractions.
Uncoupling Activity of Mitochondrial Isolates
To further clarify the uncoupling activity in purified thermogenic floret mitochondria, we investigated the effects of linoleic acid (LA) on UCP-mediated proton conductance (Fig. 6 ). The kinetics of proton conductance were determined by generating plots of the respiration rate versus membrane potential, both of which were obtained by titration with LA ( Fig. 6A) or KCN (Fig. 6B ). These measurements were carried out in the presence of 1 mM oligomycin, 0.1 mM nigericin, 6 mM carboxyatractyloside, and 100 mM n-propyl gallate to inhibit ATP synthase, to clamp DpH, to inhibit adenine nucleotide translocase, and to inhibit AOX, respectively. Under these conditions, it was found that LA increased the respiratory rate but decreased the membrane potential (Fig. 6A ). Moreover, a kinetic plot of the proton conductance as the respiratory rate and membrane potential showed that the addition of 5 mM concentrations of LA resulted in a substantial increase in the proton conductance rate in comparison with the basal proton leak (Fig. 6B ).
Effects of LA on Both Cytochrome and Alternative Pathway Respiration
To determine the relationship between the regulatory mechanisms for the SrAOX and SrUCPb proteins, the alternative and cytochrome pathways of respiration were measured at various concentrations of LA in purified mitochondria from thermogenic florets (Fig.  7) . Alternative pathway respiration in the presence (black square) or absence (black circle) of pyruvate decreased with increasing concentrations of LA. In contrast, cytochrome pathway respiration increased with increasing concentrations of LA.
Expression of the SrAOX and SrUCPb Proteins under Different Ambient Temperatures
To further investigate the involvement of SrAOX and SrUCPb in homeothermic heat production in the spadix of skunk cabbage, we carried out expression analyses of these proteins under different ambient temperatures (Table I) . When the ambient air temperature increased from either 10.3°C to 23.1°C or from 8.3°C to 24.9°C, the SrAOX and SrUCPb protein expression levels did not significantly differ compared with the controls (Fig. 8 ). Although samples in group A showed a slight oxidized signal for SrAOX, there was no oxidized form evident in group B. Because no reducing reagents such as dithiothreitol were used in these analyses, the SrAOX proteins were slightly oxidized during the purification procedures.
DISCUSSION Thermogenic Tissue-Specific Expression of SrAOX and SrUCPb Transcripts
Over three decades ago, Knutson reported heat production and temperature regulation in the spadix of skunk cabbage (Knutson, 1974) . However, the site of heat production in the spadix has remained elusive in the intervening period. In this study, a high-resolution infrared thermal camera was used to analyze the thermogenic tissues in stigma-stage spadices. Our results clearly demonstrate that the florets display higher temperatures than surrounding tissues (Fig. 2, D and G). Because the interior of an intact spadix cannot be cooler than the florets in the steady state, our results strongly suggest that the florets are the thermogenic tissues in skunk cabbage.
Our results also showed that both the SrAOX and SrUCPb transcripts are abundantly expressed in the spadix of the stigma-stage skunk cabbage (Fig. 3) . No detectable signals for SrUCPa transcripts were found in any of the tissues examined in this study, which confirms our previous finding that UCP, which harbors six transmembrane segments like HmUCPa, a thermogenic Helicodiceros UCP, is not primarily involved in organ-specific heat production (Ito et al., 2003a) .
Moreover, our data show that the expression of SrAOX and SrUCPb mRNAs colocalize in the thermogenic florets (Fig. 4, A and B) , and that these transcripts were dramatically decreased upon development to the male stage (Fig. 4, C and D) . Interestingly, in this study, an obvious localization of both SrAOX and SrUCPb transcripts was evident in the region surrounding the stamens in the thermogenic florets. Protogynous spadices harbor immature pollen during the homeothermic stigma stages, and mature pollen appears across the entire surface of the spadix during the male stage. Thus, it seems probable that one of the biologically significant aspects of homeothermic control during the stigma stages in skunk cabbage is the protection of pollen maturation against low temperature damage. Similarly, it has been shown in rice (Oryza sativa) that male sterility is induced by low temperatures (12°C-18°C) at the young microspore stage (boot stage), when it is most sensitive to cool temperatures during the reproductive period, and microscopic observations of developing rice anthers suggest that male sterility damage is attributable to dysfunctional pollen development under low temperatures (Hayase et al., 1969; Satake and Hayase, 1970) . Thus far, common interpretations of the significance of thermogenesis in plants include the evaporation of scent compounds to attract pollinators (Meeuse and Raskin, 1988) , protection against low temperature damage (Knutson, 1974) , and the provision of a warm environment to insect pollinators (Seymour, 1997; Seymour et al., 2003) . However, our data suggest that the functional significance of homeothermic control in skunk cabbage could be the prevention of low temperature damage during pollen maturation.
Mitochondrial Isolates Possess Uncoupling Activity Induced by LA
We have shown that both the SrAOX and SrUCPb proteins reside in the mitochondria of thermogenic florets (Fig. 5) and that the addition of exogenous LA stimulates proton leakage in purified mitochondria from thermogenic florets (Fig. 6) . These results strongly suggest that the stimulation of proton conductance by LA is primarily mediated by the activation of SrUCPb.
Sluse and coworkers have previously demonstrated that AOX and UCP do not appear to function simultaneously at their maximal activity levels in vitro because an increase in LA concentration inhibits AOX by undetermined mechanisms (Sluse et al., 1998; Jarmuszkiewicz et al., 2001 ). In contrast, it has also been shown that expression of AOX and UCP during fruit ripening in mango (Mangifera indica) is not controlled in a reciprocal manner, and can occur simultaneously (Considine et al., 2001) . Our data in this study are primarily in good accordance with Sluse's observations (Fig. 7) . Interestingly, however, our data show that the activities of SrAOX and SrUCPb remain relatively high at lower concentrations of LA ( Fig. 7 ; less than 5 mM), and SrAOX was found to be activated by pyruvate in the presence of any concentration of LA (0-15 mM). Therefore, our results further suggest that the inhibitory effects of LA on alternative pathway respiration are not related to the processes governing the activation of SrAOX by pyruvate, and that the simultaneous activation of SrAOX and SrUCPb can occur at lower concentrations of LA.
The Regulation of Homeothermic Heat Production in the Spadix of Skunk Cabbage
To maintain the skunk cabbage spadix temperature within a particular range under outdoor conditions (Fig. 1) , mitochondrial respiration would need to be actively controlled, even when the ambient temperature fluctuates. Therefore, an important question arises as to whether the level of heat production is regulated by SrAOX and SrUCPb in the thermogenic spadix. To answer this question, the expression levels of these proteins were compared in spadices undergoing different levels of heat production. We have previously proposed a model for a time-dependent thermogenic oscillatory mechanism that acts as a precise thermal regulator in a dynamic environment (Ito et al., 2004) . According to our working hypothesis, if heat production is influenced by SrAOX and SrUCPb proteins, the expression levels should be decreased when exposed to higher ambient temperature. Therefore, we determined the expression levels of SrAOX and SrUCPb when the ambient air temperature increased from either 10.3°C to 23.1°C or from 8.3°C to 24.9°C ( Table   Figure 6 . Stimulation of proton conductance by LA in isolated mitochondria from stigma-stage thermogenic florets. Purified mitochondria were incubated with 1 mM NADH substrate in assay medium containing 1 mM oligomycin (to inhibit ATP synthase), 0.1 mM nigericin (to clamp the DpH), 6 mM carboxyatractyloside (to inhibit adenine nucleotide translocase), and 100 mM n-propyl gallate (to inhibit SrAOX). The kinetics of proton conductance were then examined by simultaneous measurement of respiration and membrane potential. A, LA-induced dose-dependent increase in proton conductance. Increasing concentrations of LA (0-15 mM) were obtained by successive additions when the steady-state respiration rate and membrane potential were attained. B, The effects of 5 mM LA on the kinetics of proton conductance were examined with a KCN titration. The results shown are the mean 6 SD of three measurements using mitochondria from the same preparation. Figure 7 . The effects of LA on both the alternative and cytochrome pathway respirations in mitochondria purified from thermogenic florets of skunk cabbage. Purified mitochondria were incubated in the reaction medium without bovine serum albumin (containing 16.5 mM pyruvate) in the presence of 100 mM n-propyl gallate or 0.5 mM KCN for measurement of the cytochrome or alternative pathway respirations, respectively. Increasing concentrations of LA (0-15 mM) were obtained by successive additions when the steady-state respiration rate was attained. The results shown are the mean 6 SD of three measurements using mitochondria from the same preparation. I; Fig. 8 ). These increases in the ambient temperature lead to a decrease in the rate of respiration by 34% or 40%, respectively (Seymour, 2004) . However, the expression of these two proteins did not dramatically change. Hence, our data suggest that the regulation of gene expression for SrAOX and SrUCPb is not crucial during the maintenance of homeothermic heat production in skunk cabbage, but that posttranslational modifications of the proteins are likely to play an important role in homeothermic control. In skunk cabbage, the major respiratory substrates have been shown to be carbohydrates (Seymour and Blaylock, 1999) . Moreover, we have previously reported that concentrations of Suc, Glc, and Fru in the xylem sap of thermogenic skunk cabbages were in the 2 to 5 mM range for each spadix fresh weight, and that a remarkable decrease in these sugars occurs in postthermogenic plants (Onda and Ito, 2005) . It is thus probable that pyruvate, which is produced by glycolysis and is transported into mitochondria, would stimulate not only the SrAOX protein, which exists as a reduced monomer ( Fig. 8 ; Onda et al., 2007) , but also the tricarboxylic acid cycle that consequently leads to increased proton gradients (Laloi, 1999) . Furthermore, because UCP-mediated reduced membrane potential has been shown to accelerate the tricarboxylic acid cycle flux (Smith et al., 2004) , LA-inducible UCP activity detected in this study (Fig. 6) would have a significant role in maintaining an increased level of respiration, which leads to successive heat production in the spadix of skunk cabbage. Therefore, as shown in the previously proposed '''physical plus biochemical lag'' model (Seymour, 2004) , which introduces two biochemical factors that mimic a less than instantaneous change in heat production, any biochemical process that regulates the mitochondrial SrAOX and/ or SrUCPb would be a candidate ''biochemical thermostat'' during thermoregulation. Nevertheless, considering that skunk cabbage utilizes carbohydrates as a respiratory substrate and that the simultaneous activation of SrAOX and SrUCPb preferentially occurs at lower concentrations of LA, glycolytic enzymes that associate dynamically with mitochondria in response to respiratory demand and support substrate channeling (Graham et al., 2007) would play a significant role in controlling the temperature-dependent respiration by increasing or decreasing the levels of pyruvate, a primal activator of SrAOX (Onda et al., 2007) , during homeothermic heat production in skunk cabbage.
Recently, Watling et al. (2006) reported in vivo measurements of fluxes that operate through both the alternative and cytochrome respiratory pathways in thermogenic floral receptacles of the sacred lotus. A significant increase in the alternative pathway flux in these thermogenic receptacles was evident, whereas Table I ). Ten micrograms of purified mitochondrial proteins, prepared without reducing agents, were separated by SDS-PAGE, transferred to a polyvinylidene difluoride membrane, and incubated with AOA, UCP-cab, or Hsp60 antibodies. The ambient temperatures are indicated above the panels. The position of each protein species is indicated by an arrow on the right. Molecular mass standards are shown on the left. Table I . Characteristics of the skunk cabbage spadices used in the current protein expression analysis under different thermogenic levels Plants with stigma-stage spadices were placed in a growth chamber where the ambient air temperature (Ta) was kept at the indicated lower temperatures. When the spadix temperatures (Ts) became stable, half of the spadices were sectioned off and subjected to mitochondrial purification. After initial sampling, the Ta was subsequently increased to the indicated higher temperatures. The remaining spadices were collected for mitochondrial purification when their temperatures had stabilized. Experiments were conducted using two independent plant groups (group A and group B). The data are the mean 6 SD (group A, n 5 8; group B, n 5 11) of the measurements. The rates of CO 2 production were calculated from the equation _ M CO2 5 20:0077 Ta 1 0.368 (Seymour, 2004 the flux of the cytochrome pathway did not change significantly. These results suggest that AOX activity is responsible for homeothermic heat production in the receptacle. Thus, it will be of great interest to determine whether it is gene transcription/translation or the posttranslational control of AOX that underlies this homeothermic control in the thermogenic stage of the lotus receptacle. Skunk cabbage generates both heat and blooms in a cold environment where the ambient temperature often drops below freezing. Because no thermogenic plants apart from skunk cabbage bloom under such freezing conditions, it is possible that functional coexpression of AOX and UCP would significantly contribute to the explosive, continuous, and controlled respiration that appears to be unique to this plant. In any case, in addition to AOX, which is a classical thermogenic protein in plants, the UCP molecule should now be fully evaluated in additional studies of thermogenic plants.
MATERIALS AND METHODS
Plant Materials and Temperature Measurements
Skunk cabbage (Symplocarpus renifolius) plants were collected during March and April from 2000 to 2007 from fields situated on the Iwate University campus (39°43#N, 141°08#E) , the Shizukuishi factory of Taishi Food (39°45#N, 141°00#E), Hakuba, Nagano prefecture (36°39#N, 137°50#E), and Omori, Akita prefecture (39°19#N, 141°20#E) on the main island of Japan. Temperatures of skunk cabbage spadices and the air were measured at 1-min intervals using an automatic recording thermometer connected to an electronic thermocouple T & D) . Measurements of spadix temperatures were made by inserting the thermocouple to a depth of 5 to 10 mm into spadix tissue (Ito et al., 2003b) .
Thermal Imaging
Thermal images were obtained using an infrared color light-sounddimension camera (TVS-8502; Nippon Avionics). The specified temperature resolution was below 0.025°C at room temperature and images were saved either as IRI files or as MPEG movies from the camera (see supplemental data). The IRI images were subsequently analyzed for temperature determination using the image analysis software provided by the manufacturer (Thermal Video Systems; Nippon Avionics).
Northern-Blot Analysis
Total RNA was isolated from the leaves, spathes, spadices, and roots of skunk cabbage plants according to our previously reported method (Onda et al., 2007) . Ten micrograms of each RNA sample was then fractionated on a 1.0% agarose gel, transferred to a Hybond N 1 membrane (Amersham Biosciences), and hybridized with a full-length SrAOX, SrUCPa, or SrUCPb cDNA as a probe.
In Situ Hybridization
Fresh thermogenic and postthermogenic spadices were fixed in 10% (v/v) formaldehyde in 50% (v/v) ethanol containing 5% (v/v) acetic acid for 5 h at 20°C. The fixed tissues were then dehydrated through an ethanol series and embedded in paraffin as described previously (Cox et al., 1984) . Sections of 7-mm thickness were cut and mounted on amino-silanized glass. Antisense and sense RNA probes labeled with digoxigenin-11-rUTP were transcribed from the full-length SrAOX and SrUCPb cDNAs with T7 or T3 RNA polymerase (Amersham Biosciences). The sections were then dehydrated and hybridized at 58°C in 50% (v/v) formamide containing 23 SSC for 16 h. After hybridization, the slides were washed, and the probes were visualized as described previously (Steel et al., 1998) .
Antibody Production and Purification
Antibodies were generated against a conserved 12-amino-acid C-terminal peptide (SrUCP-cab; [Cys]-CQVKKFFIKVPN) of SrUCPa (accession no. AB024733-1) and SrUCPb (accession no. AB024734-1). Before the injection of rabbits, this antigenic peptide was coupled to the carrier protein keyhole limpet hemocyanin. The resulting antibody preparation was affinity purified using an AF-Tresyl TOYOPEARL 650M column (Toshoh) according to the manufacturer's instructions. The affinity-purified antiserum is referred to as UCP-cab for SrUCPs.
Isolation of Mitochondria
Mitochondria were isolated from either the thermogenic florets or nonthermogenic roots of skunk cabbages as described previously (Onda et al., 2007) .
Western Blotting of SrAOX and SrUCPs
Western-blotting analysis of SrAOX and SrUCPs was performed by equal loading of the samples onto 12.5% acrylamide gels and transfer onto polyvinylidene difluoride membranes. Prestained protein standards (11-170 kD; Fermentas) were used for molecular mass estimation. The filters were incubated for 1 h at room temperature in 5% (w/v) milk powder in Tris-buffered saline (137 mM NaCl, 2.68 mM KCl, and 25 mM Tris, pH adjusted to 7.4 with HCl) that contained 0.1% (v/v) Tween 20 (TBS-T) and then for an additional 1 h at room temperature with 5% (w/v) milk powder in TBS-T containing antibodies. Polyclonal antibodies against UCP-cab peptide and monoclonal antibodies to Sauromatum guttatum AOX (Elthon et al., 1989) were diluted to 1:1,000 and 1:500, respectively. Hsp60 was detected using anti-Hsp60 monoclonal antibodies (Stressgen Biotechnology), according to the manufacturer's instructions.
Measurement of Proton Conductance
Proton conductance was determined by the simultaneous measurement of oxygen consumption (Vigeolas et al., 2003; Nowaczyk et al., 2006) and membrane potential using an oxygen probe and the fluorescence of safranine O (Å kerman and Wikströ m, 1976; Moore and Bonner, 1982; Hourton-Cabassa et al., 2002) . For the measurement of oxygen consumption, an oxygen probe (oxygen dipping probe POF-PSt3; PreSens) was used. This oxygen sensor consists of a polymer optical fiber with a polished distal tip (diameter, 4 mm) that is coated with a foil that contains a fluorescing dye. The fluorescence excited in the dye by the sensor's light source is quenched by collision with O 2 molecules and represents a measure for the ambient O 2 concentration. The oxygen meter FIBOX3 (PreSens) was used to convert the fluorescence signal to O 2 units. For membrane potential measurements, safranine O fluorescence at 570 nm, when excited at 495 nm, was monitored by means of a temperaturecontrolled spectrofluorometer (RF-5300PC; Shimadzu). Mitochondria (100 mg) were resuspended in 2 mL of assay medium (0.3 M mannitol, 1 mM MgCl 2 , 100 mM KCl, 10 mM KH 2 PO 4 , and 10 mM HEPES/KOH [pH 7.0]) containing 1 mM oligomycin (to inhibit ATP synthase), 0.1 mM nigericin (to clamp DpH), 6 mM carboxyatractyloside (to inhibit adenine nucleotide translocase), and 100 mM n-propyl gallate (to inhibit SrAOX). NADH was added to a concentration of 1 mM to start the reaction. Membrane potential was progressively inhibited by the addition of KCN to a final concentration of between 3 and 25 mM. At the end of each run, 2 mM p-trifluoromethoxy-carbonylcyanide phenylhydrazone was added to dissipate the membrane potential completely, releasing all of the safranine O into the medium and allowing a correction for fluorometric measurements. The calibration of safranine fluorescence as a K 1 diffusion potential was performed according to previous descriptions (Zottini et al., 1993) by using rat liver mitochondria as also described previously (Hogeboom, 1955) . The K 1 diffusion potential in rat liver mitochondria was induced by adding 0.05 mg/mL valinomycin.
Mitochondrial Respiration Measurements
Oxygen uptake by mitochondria was measured as described in our previous report (Onda et al., 2007) .
Preparation of Skunk Cabbage Plants with a Different Thermogenic Status
Stigma-stage plants with two spadices (referred to as ''twins'') that had been growing outdoors were transferred to a temperature-controlled growth chamber. These plants were then divided into groups A and B and subjected to different temperature treatments (Table I) . One of the two spadices was collected for each temperature condition, and the purification of mitochondria was immediately started at 4°C. Mitochondria were purified as described above without ascorbic acid, Cys, or pyruvate to omit reducing reagents. The purified mitochondria were then frozen at 280°C until analysis. The expression levels of SrAOX, SrUCPs, and Hsp60 were determined by immunoblotting as described above following nonreducing SDS-PAGE (Umbach and Siedow, 1993) .
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers AB024733 (SrUCPa), AB024734 (SrUCPb), and AB183695 (SrAOX).
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Supplemental Movie S1. Confirmation of the thermogenic status and generation of longitudinal sections of the spadix of a skunk cabbage.
Supplemental Movie S2. Assessment of the surface temperatures of the longitudinal section of a skunk cabbage spadix at 23 h after Supplemental Movie S1.
Supplemental Movie S3. Thermoscopic analysis of the surface temperature of longitudinal sections of the skunk cabbage spadix at 2 d after Supplemental Movie S1.
Supplemental Movie S4. Surface temperature measurements of the longitudinal section of the spadix shown in Supplemental Movie S3.
